Absract: Self-diffusion features of natural hydrocarbon liquids through porous medium of clay have been studied by PFG NMR method. The samples of oil fields in the Republic of Tatarstan (Russia) were investigated. These were samples of ordinary (light) and highly viscous (heavy) crude oil. As heavy oil was taken the samples of residual oil and high-temperature fraction were extracted from conventional oil. Fluids have been studied both in pure (bulk) form as well as enclosed in porous medium. As the porous medium was used kaolinite (clay mineral) with a specific surface area 9 / . The dependencies of the effective self-diffusion coefficients on the mass fraction of fluid in a medium of kaolinite were investigated. It was found that for systems the heavy oil -kaolinite was observed the usual dependencies , which indicatesthat the liquid's molecular mobility is decreased with increase of share obstacles in the samples. An anomalously enhanced self-diffusion in the samples of light oil -kaolinite was detected under certain conditions. These conditions are partial filling of porous space the kaolinite by liquid and a sufficiently high temperature in the system. The unusual state of enhanced self-diffusion is caused by the presence of the vapor liquid in the free part of pore space. A fast molecular exchange between coexisting the liquid and gas phases in the samples light oil -kaolinite provides realization the enhanced self-diffusion in them.
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Introduction
The problem of extracting hydrocarbons from natural reservoirs is one of the important tasks for oil-producing companies [1, 2] . Clearly to solve it needs information about the behavior of hydrocarbons at the molecular level in the oil-saturated reservoirs, which are natural porousmedia. This information may be obtained by studying the self-diffusion process [3, 4] . For example, in the systems oil -a model porous medium [5] . Thus, from scientific and practical point of view the study of liquid self-diffusion through a porous medium is relevant.
The purpose of this work is the study of self-diffusion of natural hydrocarbon liquids (crude oil) through the clay porous media and the determination of their molecular state in this media.
Experiment
Materials
Oil samples taken from different oilfields of the Republic Tatarstan (Russia) were used as a natural liquids. All fluids were divided into two groups: light oil and heavy or highly viscous oil . Designations and properties of the samples were shown in Table 1 .
The porous medium used was a powdered kaolinite compound extracted from the Glukhovetskoe (Ukraine) deposit. The chemical formula for this clay mineral was written as . Kaolinite has sufficient developed specific surface area , about 9.9 / , determined by simplified method of air adsorption [6] . The oil -clay samples were 
Method of Measurement
Translational molecular mobility -namely the SD (Self-diffusion) process in the system the liquid-porous media was studied by PFG NMR method [3] [4] [5] . All diffusive measurements were performed on the local NMR spectrometer at the Department Physics of Almetyevsk State Oil Institute (Tatarstan, Russia). This device operates at a proton Extract from the oil-saturated rock core resonance frequency 64 MHz and provides a maximum value of 40 T m ⁄ for the intensity of . The experiments used the standard stimulated echo pulse sequence (Fig. 1) . The observation time of the diffusion process 3 ⁄ ( is the durationof field gradient pulses and is a time between them) was varied within the range 5 24 . In case of isotropic and unrestricted diffusion, the intensity of stimulated spin echo amplitude is given by the following expression [3, 4] :
where, denotes the initial amplitude of the free induction signal after applying the first 90° -radiofrequency pulse ( Fig. 1) , and are the longitudinal and transverse relaxation times respectively, is a gyro-magnetic ratio for proton, is a self-diffusion coefficient . In our work the attenuation of spin echo amplitude due to the self-diffusion process (diffusion attenuations ) has been registered at the fixed values and [4, 5] . This method is the most suitable, as the time interval between pulses remains constant. Consequently the contribution of the constant relaxation decay term A 2 ⁄ exp 2τ T ⁄ τ T ⁄ can be excluded from consideration in the processing of the experimental curves. In accordance Eq. 1 , the value of the measured self-diffusion coefficient was determined from the slope of dependence . parameters were calibrated using a standard liquid, namely distillated water, which has an of 2.7 0.1 · 10 ⁄ at 303 .
Results and Discussion
An example of attenuations of the spin echo amplitude due to the self-diffusion process measured in pure (volume) oil (curve 1) and for some systems oil -clay (curves 2 and 3) is depicted in Fig. 2 .
The experimental dependences have a complex, not the exponential form. According to coordinates indicated in Fig. 2 , the in all other cases had the similar shape which differed from one shape to another only by the degree of deviation from the straight line. Formally, each of the non-exponential curves can be analytically represented as [4] : (2) where, is the share of the resonating nuclei in a sample with a value for in interval from D to . The self-diffusion process which is characterized by a non-exponential diffusion attenuations can be described by an effective or average value for the entire sample volume self-diffusion coefficient [4] :
Then the experimental value of is determined from the initial slope of the curve , i.e.:
In many cases the function is approximated by the log-normal distribution function of the [4] :
where, is the most probable value of the and is the parameter of width of the log-normal distribution of , which characterizes the value deviation of diffusion attenuation from exponential view. Parameters and of the Eq. 5 , were chosen by fitting expression (2) to the measured values of
. The values of these parameters in some oil-clay systems with different are presented in Table 2 . We can see that parameter increases when the liquid fraction in the specimen decreases; thus, it is inversely proportional. Moreover, broadening the spectrum for light oil (sample 3 , for example) becomes very significant. The dependences of average self-diffusion coefficients on the concentration of liquid in the samples are shown on Fig. 3 . All experimental curves can be divided into two groups. The first group includes the curves describing the self-diffusion in systems heavyoil-kaolinite (Fig. 3, curves 4-6) . They have an "ordinary" form, indicating a decrease in translational molecular mobility of the liquid with the decrease of its share in the porous medium. The second group includes dependences describing the diffusion process in systems of light oil -kaolinite (Fig. 3, curves 1-3 ). These curves have the anomalous view. Measured is reduced with decreasing from 1.00 to a certain value (dotted part the curves). However, further reduction of the fraction of liquid in the sample in range leads to a sharp increase in values which can take values much larger than of pure (volumetric) light oil (Fig. 3, curves 1-3) . It should be noted that the appearance the ascending (anomalous) plot of the curve can be possible only under partial filling with liquid in the porous space of sample, i.e. when part of the total volume of pores is left free from liquid. Also we have to note that dependence was not found for the measured from diffusion time in interval from 5ms to 24 ms. Independence of the measured from diffusion time can be explained using the Einstein-Smoluchowski equation [4] :
This equation gives us the possibility to estimate the mean-square values of runs of diffusing molecules, the minimum of which in our experiments is about 0. 4 . In its turn, the average pore size of used kaolinite , can be estimated [7] by the formula:
where, is specific pore volume and is specific surface area. Since for used kaolinite the 0.36 ⁄ [8] and 9,9 / ; therefore, ~ 0.145 , which is significantly less than the minimum value of experimentally registered runs of diffusing molecules, indicating that in our experiments even the smallest 5 diffusing molecules had time to collide repeatedly with obstacles (the hard particles of kaolinite). Therefore, the measured cannot be dependent from diffusion time and are regarded as an effective acting as the characteristic parameter of the oil-clay systems studied in our case.
Consider the dependences on content of liquid in a porous medium kaolinite. An accurate theory has not previously been well developed to describe the self-diffusion of molecules of a liquid in a porous medium. However, it may be possible to compare the self-diffusion process with the conductivity of liquid as an electric current in the electrolyte associated with the apparent mass transfer [9] . Self-diffusion coefficients and conductivity are related by known Einstein equation [9] , which when applied to the electrolyte in the porous medium with a porosity of ⁄ leads to the expression:
where, is total specific volume of the porous sample, is the liquid's volume in it and -full pore volume. Physical values and are used as the transport characteristics of a liquid in porous media, in its turn and are the same parameters for the pure (bulk) liquid.
We should note that Eq. 8 is able to take into account only the effect of steric constraints on the transport processes due to the increase in the tortuosity of the diffusion motion of the molecule in a porous medium with respect to movement in a pure liquid. For example, if is the distance of molecule between two points in a porous medium and is the distance between them in a pure liquid, then / . It is known that the fraction of liquid in the total pore volume is called, by degree of filling ⁄ .
Notice, that the ratio of ⁄ can be associated with the values of and Φ by Archie's law [9] : (9) In turn the parameter can be find as 1 ⁄ , where ρ is the density of liquid.
Then, the theoretical Eq. (8) can be represented as:
The Eq. 10 allows us to describe translational molecular mobility of the fluid in a porous medium, depending on its concentration . Parameters ′ and in Eqs. (9) and 10 are empirical constants.
The formal differences between the ′ and is allowed because the topology of the liquid which is completely filling pore space may be different from the topology of the fluid filling this space partially. Using the complex natural objects (oil and clay) in our work creates great difficulties in carrying out accurate quantitative calculations of in order to compare them with experimental data. Moreover, the force interaction between diffusing molecules and the surface of the solid phase have not been taken into account in Eqs. (8) and (10), which must take place in such systems [10] . However, following the qualitative analysis, the experimental results are in agreement with Eq. (10). In fact, according to Eq. (10), the measured must be reduced by decreasing the share of liquid in the system, specifically by the results observed in our experiments (Fig. 3, curves 4-6 and curves 1-3 in area . It is interesting to detect the reasons for the appearance anomalous curve of dependence when , that is, under the partial filling by fluid the pore space. This result indicates upon experimental confirmation the effect of enhanced self-diffusion under certain conditions, specifically, that the measured of liquid concluded in porous medium can exceed the in pure (bulk) fluid.
The fact that the experimentally determined liquid in a porous medium may be greater than that of the pure (bulk) fluid, was first discovered by Boss and Stejskal [11] in the study of self-diffusion the water in hydrated vermiculite. Karger et al. [12] later observed a similar effect on the water in -zeolite. In the first case, the authors used the hypothesis formation of a vapor phase on crystal faces to interpret the unusual result; in the latter, the result remained unexplained.
Abnormal curves were later found by D'Orazio et al. [9] in the study of self-diffusion of water in porous glass, and by us [13] in the study of self-diffusion of some alkanes and water in the clay. An explanation of results in both cases were practically identical and done independently from each other. The state with anomalously enhanced self-diffusion in our works has been described as "gas-like" state. This given state can be realized only under certain conditions. First, the porous medium should be only partially filled with liquid; the oil and its saturated vapor coexist together in porous space of a sample. Second, the medium should be of sufficiently high specific surface area . The fluid must also has a sufficiently low boiling point, and the measurements should be performed at sufficiently high temperatures.
The physical essence of the gas-like state is that in the listed higher conditions between the liquid and its gaseous component is realized fast (in terms of NMR) molecular exchange, which should involve all the diffusing molecules. Moreover, at fast molecular exchange between the coexisting phases should be performed inequality [4] : ,
where, and are the "lifetime" of the molecule in the liquid and gas phases, respectively. In that case, the average value of the measured effective can be written [11] as: ,
where, and are the relative fraction of molecules in a typical liquid and gaseous states; and is values that characterize these states, respectively.
Contribution to the measured from the vapor phase will be observed in the event that both terms in Eq. 8 will be comparable. For example, for the system 3 kaolinite at 303 it will be possible when the has value of ~10 , as the for the gas molecules under normal conditions is usually ~10 ⁄ [14] . Obviously, the higher the value of is, the higher the probability of the experimental observation of enhanced self-diffusion has. This means that, all other conditions being equal, the liquid must be "readily volatile", i.e. to have a sufficiently low boiling point.
It is well known [2] that the oil is characterized by a wide range of hydrocarbon compounds, from the lightest paraffinic fractions to heavy (high-molecular) resins and asphaltenes. The ordinary (light) oil contains a sufficiently large proportion of volatile components. Therefore the presence this type of oil in porous space of a sample may implement the appearance the gas-like state, which we directly observed for the systems kaolinite when (Fig. 3, curves 1-3) . As for to the heavy oil, it should be noted that they are practically devoid of low molecular weight volatile components that can pass into the gas phase under normal conditions [2] . This may be explained the absence of anomalies in the depending for systems:
-kaolinite (Fig. 3 , curve 4) and -kaolinite (Fig. 3 , curves 5 and 6). Furthermore, measurements of the in these systems may only be performed at much higher temperatures than normal temperature (Fig. 3, curves  4-6) . These results may be explained as follows. Heavy oil contains a high proportion of high-molecular components, especially such as resins and asphaltenes which under normal ~ 303 temperatures are in the solid state [15] . Therefore, heavy oils should be characterized by a very short ~10 10 nuclear magnetic relaxation times, which under these conditions do not permit us to measure in such samples by method [4] . In regards to the shape of the diffusion attenuation, different reasons lead to non-exponential form of these curves. These include the molecular weight distribution of the diffusing liquid [4] , the heterogeneity properties of the porous medium [13] among others. Crude oil is a collection of a wide range of hydrocarbon compounds: paraffins, naphthenes, olefins, aromatics, and also heteroorganic (containing oxygen, nitrogen, sulfur, etc.) components [15, 16] .
Components of oil, with different molecular weight,
should be different in their ability to translational molecular movement. Therefore, the total , which
